Abstract. The response of the ionosphere to a representative auroral substorm was simulated. The response was found to be significant at all altitudes in a large spatial region near midnight magnetic local time. In this midnight region, there were T e and T i hot spots, substantial O + --> NO + composition changes, non-Maxwellian velocity distributions, transient ion upwellings, a large-scale lowering of the F-layer, ionization peaks that occur in the E-region, and sharp horizontal gradients. Also, during the expansion phase, the E-region densities increase due to auroral precipitation, while the plasma densities above 300 km decrease due to the overall lowering of the ionosphere. The net result is that the temporal morphologies of the plasma densities at high and low altitudes are opposite during this part of the substorm. These complex features indicate that care must be exercised when interpreting plasma measurements from both ground-based and space-based instruments.
Introduction
Substorms correspond to the explosive release of energy in the auroral region near midnight magnetic local time [Akasofu, 1964; McPherron et al., 1973] . Following onset, there are growth, expansion and recovery phases, with the expansion phase typically lasting about 30 minutes and the entire substorm about 2-3 hours.
When viewed via the associated optical emission, the substorm first appears as a localized region of bright emission on the poleward edge of the auroral oval near local magnetic midnight. The so-called bulge is part of the westward traveling surge that occurs during the expansion phase of a substorm. Associated with the substorms are locally enhanced electric fields, particle precipitation, and both field-aligned and electrojet currents. Also, intense discrete auroral arcs typically appear near the poleward and westward fronts of the bulge. Eventually, the substorm associated disturbances encompass the entire high-latitude region [cf. Fujii et al., 1994; Sdnchez et al., 1996] . Numerous models have been invoked to explain the occurrence of substorms. The most common model includes a growth phase during which magnetic flux is transported from the dayside magnetosphere to the tail [Hones, 1979] . Subsequently, the increased magnetic stress in the tail leads to a thinning of the plasma sheet and then to reconnection. When the oppositely directed magnetic fields above and below the equatorial plane reconnect in an x-line configuration, there is a sudden conversion of magnetic energy into particle acceleration in the central plasma sheet (the expansion phase).
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Paper number 97GL01252. Our interest is not in rigorously modeling a substorm, but in calculating the detailed ionospheric response to a substorm. To do this, we need self-consistent plasma convection and particle precipitation patterns throughout the polar region during the substorm. The patterns must have a fairly good spatial resolution (at least 100 km) and a very good temporal resolution (~ sec.).
Although some impressive multiinstrument measurements (radars, satellites, magnetometers) of substorm evolution have recently been made [Kamide et al., 1994; Sdnchez et al., 1996] , they are still not adequate with regard to providing the sharp convection reversals, the narrow precipitation features, the self-consistency, and the rapid temporal evolution that are needed for ionospheric modeling. Therefore, we used a substorm model similar to that proposed by Kan et al. [1988] and Kan and Sun [1996] to generate the magnetospheric drivers that are needed for our ionospheric simulation of a "representative" substorm. Note that where the E-field is large, n(O +) is decreased and n(NO +) is increased. Note also that n(NO +) is increased over a large region that extends beyond the regions where the E-field is large. At 300 km, which as we will show later is above the layer peak, the NO + density amounts to 30-40% of the total ion density in a large spatial region near midnight during the expansion phase of the substorm. 
Ionospheric and Substorm Models

Summary
The response of the ionosphere to a representative substorm was simulated. An electrodynamical model of the coupled magnetosphere-ionosphere system was first used to calculate convection, precipitation, and current patterns during the substorm. These patterns, which were global, time-dependent and self-consistent, provided the inputs for a detailed calculation of the ionospheric response to a substorm. The ionospheric model provided 3-dimensional distributions of the ion and electron densities, drift velocities, and temperatures at altitudes between 90-800 km and for latitudes greater than 50 ø magnetic, with a 4 km vertical resolution, a 100 km horizontal resolution, and a 30 second temporal resolution.
The simulation indicated that there is a significant ionospheric response to a substorm at all altitudes. During the expansion phase, there is a large spatial region near midnight MLT that is disturbed. In this location the following occurs: The sharp horizontal gradients, non-Maxwellian velocity distributions, and ion composition changes that occur during a substorm can have a significant effect on the interpretation of ground-based measurements from both optical instruments and radars. Also, the opposite temporal morphologies of the plasma densities at high and low altitudes could affect the interpretation of in situ satellite measurements. Hopefully, the features presented here will be useful not only for providing model predictions that can be tested, but for providing cautions on data interpretations.
